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SYSTEM AND METHOD FOR ESTIMATING
THE SHORT CIRCUIT CURRENT OF A
SOLAR DEVICE

CROSS-REFERENCE TO RELAT
APPLICATION

s
w

The present application claims priority to Provisional
Application No. 61/539,322 filed Sep. 26, 2011, the entirety
of which 1s incorporated by reference.

FIELD OF THE INVENTION

The disclosed embodiments relate to photovoltaic (PV)
devices, such as PV cells and PV modules, and methods of
testing the same.

BACKGROUND OF THE INVENTION

PV devices convert sunlight into electricity via a physical
process called “photovoltaic effect.”” Specifically, sunlight 1s
composed of photons, or “packets” of energy. The photons
contain various amounts of energy corresponding to different
wavelengths of light Upon striking a PV device, a photon may
be reflected, absorbed, or pass right through the device. When
a photon is absorbed, the energy ol the photon 1s transierred to
an electron 1n an atom of a semiconductor within the PV
device. With 1ts newiound energy, the electron i1s able to
escape from its normal position associated with that atom. By
leaving this position, the electron causes a hole to form.
Electrons and holes thus formed are collected each by one of
two separate electrodes. The PV device can then be used to
power an external electrical device using the two electrodes.

Different parameters can be used to evaluate a PV device’s
eificiency. Among these parameters 1s the device’s short-
circuit conductance G.. The G- 1s used to evaluate the
amount of electrical loss caused by the device’s shunt resis-
tance. The greater the G, the more shunted the device and
the less power that the device can produce.

As will be explained later, the G of a PV device 1s related
to the device’s short-circuit current I, which 1s the current
through the device when the voltage through the device 1s
zero. Thus, knowing the I of a PV device, its G~ can easily
be determined.

Traditionally, a stmulator 1s used to determine the I~ of a
PV device. This usually occurs after the device has been
manufactured and during a simulation stage. However, due to
limitations 1n simulators, the determined I~ and thus the G-
of a PV device are not always accurate. Therefore, methods

and systems are desired for more accurately determining the
I.~and G of a PV device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s an I-V curve for a solar device.

FIG. 1B 1s a capped I-V curve for a solar device.

FIG. 2 1s a cross-sectional view of a solar device having
multiple layers.

FI1G. 3 1llustrates a process of determining a solar device’s
fitting parameter i accordance with the present disclosure.

FI1G. 4 1llustrates a process of determining a solar device’s
window/emitter layer thickness and absorber layer absorp-
tion wavelength in accordance with the present disclosure.

FI1G. 5 1llustrates a process of determining a solar device’s
short-circuit current 1n accordance with the present disclo-
sure.
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FIGS. 6 A and 6B illustrate systems for determining a solar
device’s short-circuit current 1n accordance with the present
disclosure.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof, and in
which 1s shown by way of illustration specific embodiments
that may be practiced. It should be understood that like ref-
erence numbers represent like elements throughout the draw-
ings. Embodiments are described with sufficient detail to
ecnable those skilled 1n the art to practice them. It 1s to be
understood that other embodiments may be employed, and
that various structural, logical, and electrical changes may be
made without departing from the spirit or scope of the inven-
tion.

As noted above, a PV device, whether a cell or a module
(note that a module 1s made of a plurality of cells intercon-
nected 1n series, 1n parallel or a combination thereot), has both
a G~ and an I .. Typically, both the G and I . are deter-
mined from the device’s current-voltage or I-V curve, which
1s 1tself normally obtained through simulation of the device
after the device has been assembled or manufactured. For
example, to obtain the I-V curve, a solar simulator 1s used to
bias the PV device at various voltages (using pulses of light)
and to measure the resulting current at the biased voltages. An
exemplary I-V curve of a PV device 1s 1llustrated 1n FIG. 1A.
Note that since a PV module 1s made of a plurality of PV cells,
the I-V curve for a solar cell can be correlated to the I-V curve
for the cell’s solar module through a linear relationship. Thus,
an [-V curve for a solar cell differs from the I-V curve for a
solar module 1n scale and upper voltage and current limits.

Once the I-V curve 1s constructed, the 1.~ can be easily
determined as the point on the I-V curve for which the voltage
bias 1s zero. The G 1s the slope of a tangential line to the I -
point on the I-V curve.

However, most solar simulators, including those used on a
module level, have a range of current over which their load
regulation 1s within specified limits. This 1s known as the
current compliance range. If the current measured under a
certain voltage falls outside of that range, the simulator will
only report the highest value of the range, 1f the measured
current 1s higher than the highest value of the range, or the
lowest value of the range i1f the measured current 1s lower than
the lowest value of the range. This 1s illustrated 1n FIG. 1B
where capped I~ indicates the maximum current value of the
simulator’s current compliance range and actual I~ 1ndicates
the true I of the device, which 1s higher than the capped I .-
In this case, the simulator inaccurately indicates the capped
I, as the I~ of the device. This inaccuracy 1n the I-V curve
leads to 1naccuracies 1n the determination of the device’s I -
and G..~. To solve this problem, methods and systems are
disclosed herein for the determination ot adevice’s I betore
the device 1s subjected to a simulator so that the simulator’s
compliance can be adjusted on-the-fly and thus the device’s
correct I-V curve can be determined.

In an embodiment, a solar device’s short-circuit current Isc
can be determined during manufacturing and before the solar
device 1s 1n a condition to be tested 1n a solar simulator. This
1s accomplished, 1n part, by determining various characteris-
tics of different layers of the solar device.

As 1s 1llustrated in the example of FI1G. 2, a solar device 20
1s made up of many different layers of material. The layers
illustrated 1n solar device 20 are representative of layers found
in both solar cells and solar modules. While specific types of
solar devices may include additional layers and components
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(such as, for example, scribe lines 1n a solar module), the
layers 1llustrated 1n FIG. 2 are generally found 1n most PV
devices. The solar device 20 generally includes a front side
substrate 200, which receives 1ncident radiation when 1n use.
Substrate 200 may be glass, for example, soda-lime glass. A
front contact 210 1s formed next to the substrate 200. Front

contact 210 can be a transparent conductive oxide (“TCQO”)
layer, and can be, for example, a tin oxide layer or a tin oxide
layer doped with fluorine. The front contact 210 1s an electri-
cal contact and 1s used with a back contact 250 to provide an
clectrical connection between the semiconductor layers, as
described below, and an external electrical load. A tin dioxide
butter layer 220 1s formed next to the front contact 210 and
acts as an intermediary between the front contact 210 and the
device’s semiconductor layers, improving both structural
integrity and energy efficiency of the device. A window/
emitter layer 230, which 1s a semiconductor layer, 1s formed
next to the butler layer 220. An absorber layer 240, which 1s
also a semiconductor layer, 1s formed adjacent the window/
emitter layer 230. The semiconductor window/emitter layer
230 allows the penetration of solar radiation to the absorber
layer 240, which converts solar energy to electricity. The
window/emitter layer 230 and absorber layer 240 can include,
for example, a binary semiconductor such as group II-VI or
I1I-V semiconductors, such as, for example, ZnO, ZnS, ZnSe,
/nTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe, MgTe,
HgO, HgS, HgSe, HgTe, AIN, AlP, AlAs, AlSb, GaN, GaP,
(GaAs, GaSb, InS, InN, InP, InAs, InSb, TIN, T1P, T1As, TISb,
or mixtures therecof. An example of a window/emitter layer
230 and absorber layer 240 can be a layer of CdS and a layer
of CdTe, respectively. The window/emitter layer 230 1s thin-
ner than the absorber layer 240. A thinner window/emuitter
layer 230 allows greater penetration of the shorter wave-
lengths of incident light to the absorber layer 240. The back
contact 250 which, as mentioned above, 1s a conductor 1s
formed next to the absorber layer 240. The back contact 250
1s used with the front contact 210 to bridge the electrical
connection between the semiconductor layers and an external
clectrical load. A back support 260 1s formed adjacent the
back contact 250 for purposes of providing structural integ-
rity.

Both the thickness of the window/emitter layer 230 and the
absorption wavelength of the absorber layer 240 can be used
in determining the short-circuit current Isc of the solar device
20. Additionally, a fitting parameter 1s determined that
accounts for the transmissive properties of the substrate 200
and front contact 210. As explained below, the fitting param-
eter can be determined for various combinations of substrate
200/1front contact 210. The various fitting parameters are then
stored and applied whenever solar devices with correspond-
ing substrate 200/front contact 210 combinations are manu-
factured. The thickness of the window/emitter layer 230 and
the absorption wavelength of the absorber layer 240 can be
determined during manufacture of the solar devices, after the
absorber layer 240 has been annealed (a manufacturing step
wherein one or more of the transparent layers in the solar
devices are heat-treated 1n order to form a more crystalline
structure, thus improving the device’s conductivity and trans-
parency) and before the back contact 250 and back support
260 are formed. It solar device 20 1s a solar module, the
thickness of the window/emaitter layer 230 and the absorption
wavelength of the absorber layer 240 can be determined
either betfore or after the 1solation of individual cells via, for
example, laser scribing. Thus, the solar device’s short-circuit
current Isc can be determined several hours before the solar
device 20 1s ready to be tested using a solar stmulator.
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The short-circuit current Isc of a solar module 1s deter-
mined according to equation 1, below, where BE 1s the
absorption wavelength of the absorber layer 240, Tcds 1s the
thickness of the window/emitter layer 230, d 1s the fitting
parameter that describes the offset necessary to account for
variations in transparency and/or reflection in the substrate
200 and the front contact 210, and a, b and ¢ are coefficients
with units of A/nm, A/nm and A/nm?, respectively. In general,
coellicient a 1s much greater than coelficient b, meaning that
the absorption wavelength BE has more weight 1n the deter-
mination of the short-circuit current Isc than the thickness
Tcds of the window/emitter layer 230. Also, coelficient ¢ 1s
generally much smaller than 1, meaning that there 1s Iittle
interaction between the absorption wavelength BE and the
thickness Tcds parameters. As noted above, the short-circuit
current Isc of a solar cell within the solar module 1s linearly
related to the result produced by equation 1 for a solar mod-
ule.

Isc=axBE+bxTcds+ex Tedsx BE+d Equation 1.

The fitting parameter d 1s essentially an offset to account
for the transmissive properties of the substrate 200 and front
contact (TCO layer) 210. Variations 1n the substrate 200 and
front contact 210 can result 1n erther higher transparency or
reduced reflection losses. For example, an anti-reflective
(“AR”) coating applied to either the substrate 200 or the front
contact 210 could result 1n reduced retlection losses. Changes
in the composition of the glass substrate 200 can 1improve 1ts
transparency. Therefore, for each substrate 200/front contact
210 combination, a parameter can be determined that 1ndi-
cates the effect of the transmissive properties of the combi-
nation. A method for determining this fitting parameter for a
known substrate 200 and front contact 210 combination 1s
described below.

The fitting parameter d 1s determined through a combina-
tion of measurements and applications of equation 1. In order
to determine the fitting parameter d for a given combination
of substrate 200 and front contact 210, two zero-CdS devices
with the same substrate 200/front contract 210 combination
are manufactured and tested. A zero-CdS device 1s a solar
device without any window/emitter layer 230 (or CdS layer).
The zero-CdS devices must have different absorption wave-
lengths for their respective absorber layers 240 and the same
substrate 200/front contact 210 combination 1n order to be
useiul 1 determiming the fitting parameter d for the applied
combination of substrate 200 and front contact 210. Because
the zero-CdS devices have no window/emitter layer 230, the
thickness Tcds of the window/emitter layer 230 1s zero for
zero-CdS devices. Therefore, equation 1 for a zero-CdS
device may be rewritten as shown 1n equation 2.

Isc=axBE+d Equation 2.

Preferably, the two zero-CdS devices have absorption
wavelengths that are significantly different; one should have
a high absorption wavelength and the other should have a low
absorption wavelength. Both zero-CdS devices may be tested
during therr manufacture to determine their respective
absorption wavelengths using, for example, techniques
described below. Also, after manufacturing, the zero-CdS
devices may be subjected to a solar simulator to determine
their respective short-circuit currents Isc. Any errors 1n the
determined short-circuit currents Isc can be minimized by
using a feedback loop to measure and re-measure the zero-
CdS devices. In other words, a first short-circuit current Isc
may be determined for a zero-CdS device using a simulator,
and then the compliance of the simulator may be adjusted and
the zero-CdS device may be tested again to determine a
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second short-circuit current Isc. If the determined short-cir-
cuit currents Isc are the same, then it 1s probable that the
determined short-circuit currents Isc are accurate. Once each
zero-CdS device’s short circuit current Isc and absorption
wavelength BE 1s determined, equation 2 may be used twice,
once for each BE, to simultaneously solve for coellicient a
and fitting parameter d.

Because fitting parameter d 1s specific to the substrate
200/1ront contact 210 combination used 1n a solar device 20,
a fitting parameter d must be determined for each possible
substrate 200/front contact 210 combination expected to be
manufactured. The determined fitting parameters may be
stored 1n a database or lookup table, for example, and then
applied in equation 1 during the manufacture of a solar device
that includes a corresponding substrate 200/front contact 210
combination.

A process 300 for determining a solar device’s fitting
parameter 1s outlined 1 FIG. 3. At step 310, a first zero-CdS
solar device 1s manufactured with a known substrate 200/
front contact 210 combination and an absorber layer 240
having a first absorption wavelength BE1. At step 320, the
absorption wavelength BE1 of the first zero-CdS solar device
1s determined. The absorption wavelength BE1 may be deter-
mined using, for example, the method explained below. At
step 330, the completed first zero-CdS solar device 1s sub-
jected to a solar simulator which 1s used to determine the first
zero-CdS solar device’s short-circuit current Iscl. At step
340, a second zero-CdS solar device 1s manufactured with the
same known substrate 200/front contact 210 combination and
an absorber layer 240 having a second absorption wavelength
BE2. Preferably, the first and second absorption wavelengths
BE1, BE2 are significantly different from each other, with
one of the absorption wavelengths being a high absorption
wavelength and the other being a low absorption wavelength.
At step 350, the absorption wavelength BE2 of the second
zero-CdS solar device 1s determined using the same method
that was used to determine the absorption wavelength BE1 of
the first zero-CdS solar device. At step 360, the completed
second zero-CdS solar device 1s subjected to a solar simula-
tor, which 1s used to determine the second zero-CdS solar
device’s short-circuit current Isc2. At step 370, equation 2 1s
used with the first and second absorption wavelengths BE1,
BE?2 and the first and second short-circuit currents Iscl, Isc2
to determine the fitting parameter d that corresponds to the
known substrate 200/front contact 210 combination. Process
300 1s repeated for different known substrate 200/1ront con-
tact 210 combinations.

In addition to determining a fitting parameter for a solar
device 20, the window/emitter layer 230 thickness Tcds and
the absorber layer 240 absorption wavelength BE must also
be determined for each solar device. The window/emitter
layer 230 thickness Tcds 1s determined by analyzing the
amount of light of a given wavelength that passes through the
solar device before the back contact 250 and back support 260
have been formed. The wavelength of the light used must be
smaller than the band gap of the window/emitter layer 230.
For example, when the window/emitter layer 230 1s made of
CdS, blue light with a wavelength from 450 to 550 nm may be
used. Thus, a blue light illuminator may be used to 1lluminate
a solar device 20. At these wavelengths, the light 1s absorbed
primarily at the CdS layer instead of at the absorber layer 240.
While some of the blue light 1s absorbed by the window/
emitter layer 230, some blue light will still pass through the
window/emitter layer 230 and be detected by a detector
located opposite the i1lluminator (with the solar device 20
located between the illuminator and the detector). The
amount of blue light sensed at the detector 1s closely related to
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the thickness Tcds of the window/emitter layer 230. The
relationship can be quantified 1n a lookup table determined
through test measurements, for example.

Similarly, the absorption wavelength BE of the absorber
layer 240 can be determined by finding the wavelength of
light which 1s least absorbed as it passes through the uncom-
pleted solar device 20 (without the back contact 250 and the
back support 260). This can be determined by using an illu-
minator and 1lluminating the uncompleted solar device with
different frequencies of light. A detector may be used oppo-
site the 1lluminator so that the uncompleted solar device 1s
located therebetween. The detector 1s used to determine a
transparency value that corresponds with each illuminated
frequency. The detected transparency values are plotted
against their respective wavelengths 1n a transparency versus
wavelength curve. The absorption wavelength BE 1s deter-
mined as the x-axis intercept of a tangent line to the transpar-
ency-wavelength curve at a point where the second dervative
of the transparency-wavelength curve equals zero (1.e., the
point where the transparency-wavelength curve has the steep-
est slope).

Other methods for determining the thickness Tcds and
absorption wavelength BE may be used. Other methods may
include the use of equipment, machinery ortools designed for
this purpose.

A process 400 for determiming a solar device’s window/
emitter layer 230 thickness Tcds and absorber layer 240
absorption wavelength BE 1s outlined 1n FIG. 4. At step 410,
a solar device with a known substrate 200/front contact 210 1s
partially manufactured so as to include at least a substrate
200, a front contact 210, a window/emitter layer 230 and an
absorber layer 240. Importantly, the partially-manufactured
device does not yet include a back contact 250 or back support
260. Generally, 1n a front-to-back manufacturing process, this
means that the partially-manufactured device has been manu-
factured up to the formation and annealing of the absorber
layer 240. At step 420, the partially-manufactured solar
device 1s illuminated using short-wavelength light such as
blue light in the range of 450 to 550 nm. Some of the 1rradi-
ated blue light 1s absorbed by the window/emitter (CdS) layer
230, while some passes through the partially-manufactured
device. At step 430, a detector placed on the opposite side of
the partially-manufactured device as the i1lluminator detects
the light that passes through the partially-manufactured
C
C

evice. At step 440, the amount of detected light 1s used to
etermine the thickness of the window/emitter layer 230. The
amount of detected light 1s compared with the amount of light
used to 1lluminate the device. A ratio or percentage 1s deter-
mined which represents the transmission properties of the
device’s window/emitter layer 230 with respect to the wave-
length of the irradiated light. A known relationship between
the thickness of a CdS layer and the layer’s ability to transmit
light of a known frequency 1s used, for example, via a lookup
table or database, to determine the thickness of the window/
emitter layer 230.

At step 450, the partially-manufactured device 1s again
illuminated by light of varying frequencies or wavelengths. In
some embodiments, step 450 may be combined with step 420.
At step 460, a detector located on the opposite side of the
partially-manufactured device detects the light that passes
through the device. A ratio or percentage 1s determined for
cach wavelength which represents the transmission proper-
ties of the device’s absorber layer 240 with respect to each of
the wavelengths of the irradiated light. In some embodiments,
step 460 may be combined with step 430. At step 470, the
determined ratios or transparency values are plotted against
their respective wavelengths 1n a transparency versus wave-
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length curve from which the absorption wavelength BE of the
absorber layer 240 1s determined. The absorption wavelength
BE is determined as the x-axis intercept of a tangent line to the
transparency-wavelength curve at a point where the second
derivative of the transparency-wavelength curve equals zero
(1.e., the point where the transparency-wavelength curve has
the steepest slope).

Thus, for solar devices 20 with a substrate 200/front con-
tact 210 combination for which the fitting parameter d 1s
known, a short-circuit current Isc can be determined for each
device during the manufacturing of the device. The window/
emitter 230 thickness Tcds 1s measured during manufacture.
The absorption wavelength BE of the absorber layer 240 1s
also measured during manufacture. The fitting parameter d 1s
selected from fitting parameters previously determined for
specific substrate 200/front contact 210 combinations.
Finally, coefficients a, b and ¢ can be determined through
experimentation and curve-fitting algorithms.

FIG. 3 1llustrates a process 500 of determining a solar
device’s short-circuit current prior to the solar device’s test-
ing in a solar stmulator. The process 500 may be used for solar
device’s manufactured using either a front-to-back process or
a back-to-front process. At step 510, a solar device 1s partially
manufactured to include at least a window/emuitter layer 230
and an absorber layer 240. In a front-to-back process, the
partially-manufactured solar device includes at least a sub-
strate 200, a front contact 210, a window/emitter layer 230
and an absorber layer 240, but not a back contact 250 or back
support 260. Generally, 1n a front-to-back manufacturing pro-
cess, this means that the partially-manufactured device has
been manufactured up to the formation and annealing of the
absorber layer 240. In a back-to-front process, the partially-
manufactured solar device includes at least a back support
260, a back contact 250, an absorber layer 240 and a window/
emitter layer 230. In a back-to-front manufacturing process, a
front contact 210 and substrate 200 may also be included, 1f
desired, but need not be at thus stage (step 510) of process 500.

At step 520, the thickness Tcds of the device’s window/
emitter layer 230 1s determined. In a front-to-back manufac-
turing process, the thickness Tcds of the device’s window/
emitter layer 230 1s determined using, for example, the
method explained above. In other words, the device’s win-
dow/emitter layer 230 1s illuminated and the amount of trans-
mitted light 1s detected. In a back-to-front manufacturing
process, transmitted light cannot be measured. Because the
back contact 250 1s generally not transmissive to light, the
light that 1s measured 1s light that 1s transmitted through the
transparent layers of the device and then reflected back by the
non-transparent layers such as the back contact 250. Thus, in
a back-to-front manufacturing process, the solar device is
illuminated using light of a known wavelength between 450
and 550 nm and the light that 1s reflected back 1s detected and
measured. The measured light 1s correlated to a thickness
Tcds of the window/emitter layer 230 after accounting for
various factors such as reflection angle and reflection coetti-
cients of each retlection interface.

At step 530, the absorption wavelength BE of the device’s
absorber layer 240 1s determined using, for example, the
method explained above (1.e., measuring an amount of trans-
mitted light) or the back-to-front process (1.¢., measuring an
amount of retlected light). At step 540, a fitting parameter d
corresponding to the device’s substrate 200/1ront contact 210
combination 1s determined (through, for example, reference
to a lookup table which includes previously determined {it-
ting parameters). Steps 5320, 530 and 540 may be performed in
any order and are not limited to the order presented 1n FIG. 5.
At step 550, the device’s window/emitter layer 230 thickness
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Tcds, absorber layer 240 absorption wavelength BE and fit-
ting parameter d are applied to equation 1 to determine the
device’s short-circuit current Isc.

When manufacture of the solar device 1s completed, the
solar device will be subjected to testing 1n a solar simulator.
Using the short-circuit current Isc determined during manu-
facture of the solar device, the compliance of the simulator
may be adjusted as necessary 1n order to account for short-
circuit currents that are 1n excess of the simulator’s compli-
ance. In this way, the I-V curve generated by the simulator 1s
not subject to capping and an accurate short-circuit conduc-
tance Gsc may be determined.

FIGS. 6 A and 6B 1illustrate testing systems 600, 601 1n
accordance with the present disclosure. Testing system 600 1s
for use with front-to-back manufacturing processes while
testing system 601 1s for use with back-to-front manufactur-
ing processes. The testing systems 600, 601 each include a
first solar device assembly facility 610, a measurement cham-
ber 620, a processor 640 and a solar sitmulator 650. A second
solar device assembly facility 630 1s also included in testing
system 600 and may be included 1n testing system 601. A
solar device 20 to be manufactured and tested 1s partially
manufactured in the first solar device assembly facility 610.
The partial manufacture process includes manufacturing a
solar device 20 with at least a window/emitter layer and an
absorber layer. In system 600, the partially-manufactured
device additionally includes a substrate and a front contact. In
system 601, the partially manufactured device additionally
includes a back support and a back contact and may also
include a substrate and front contact.

In system 600, before any non-transparent layers are
formed 1n the solar device 20, the partially-manufactured
solar device 20 1s transferred to the measurement chamber
620 where the thickness of the device’s window/emitter layer
and the absorption wavelength of the device’s absorber layer
are determined. The window/emitter layer thickness and
absorber layer absorption wavelength are determined using
an 1lluminator 622 and detector 624, as explained above and
illustrated 1n FIG. 4. Once the measurements have been taken
for determining the solar device’s window/emitter layer
thickness and the absorber layer absorption wavelength, the
solar device 20 1s returned to 1ts manufacturing process for
formation of a back contact layer and a back support layer.
This 1s illustrated 1n FIG. 6 A by the movement of the solar
device 20 through second solar device assembly facility 630.
First and second solar device assembly facilities 610, 630
may be a single facility or may be separate facilities.

In system 601, after the window/emitter layer 230 1s
tformed in the solar device 20 in the first solar device assembly
facility 610 (and optionally after the front contact 210 and
substrate 200 have been formed), the partially-manufactured
solar device 20 1s transierred to the measurement chamber
620 where the thickness of the device’s window/emitter layer
and the absorption wavelength of the device’s absorber layer
are determined. The window/emitter layer thickness and
absorber layer absorption wavelength are determined using
an 1lluminator 623 and detector 6235. The 1lluminator 623 1s
configured to 1lluminate the solar device 20 while detector
625 1s configured to detect light that 1s reflected from the
various layers of the solar device 20. Once the measurements
have been taken for determining the solar device’s window/
emitter layer thickness and the absorber layer absorption
wavelength, the solar device 20 1s returned to 1ts manufactur-
Ing process, 1 necessary, for formation of a front contact layer
and a substrate. First and second solar device assembly facili-
ties 610, 630 may be a single facility or may be separate
facilities.
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In both systems 600, 601, after the solar device 20 1s
manufactured, the solar device 20 1s introduced to a solar
simulator 630 for testing. However, before the solar device 20
1s 1ntroduced to the solar simulator 630, a processor 640 1s
used to determine the solar device’s short-circuit current
using the solar device’s window/emitter layer thickness, the
solar device’s absorber layer absorption wavelength and a
fitting parameter as inputs. The fitting parameter 1s generated
by a fitting parameter generator device 660. The fitting
parameter generating device 660 1s configured to determine
an absorption wavelength and short-circuit current for each of
a first and second modified solar device and then use these to
determine the fitting parameter according to equation 2
above. The first and second modified solar devices each have
a substrate and a front contact that are materially and struc-
turally the same as the substrate and front contact of solar
device 20. However, the first and second modified solar
devices each lack a window/emitter layer. Additionally, the
first and second modified solar devices each have an absorber
layer with different absorption wavelengths. Preferably, one
of the modified solar devices has an absorber layer with a high
absorption wavelength while the other has an absorber layer
with a low absorption wavelength.
Once the processor 640 has determined a short-circuit cur-
rent for the solar device 20 being manufactured, the deter-
mined short-circuit current 1s compared with the current com-
plhiance range of the solar simulator 650. If the determined
short-circuit current exceeds the highest value in the current
compliance range of the solar sitmulator 630, for example, the
compliance of the solar simulator 650 1s adjusted so that the
solar device 20 may be tested in the solar simulator 650
without exceeding the solar simulator’s compliance. As an
example, adjustment of a solar simulator compliance may be
cifectuated by adjusting a load voltage for the simulator,
thereby adjusting the current at which the I-V sweep begins.
The systems 600, 601 also include one or more data storage
devices 670 to store generated data such as the determined
window/emitter layer thickness and absorber layer absorp-
tion wavelength, the fitting parameters for various combina-
tions of substrate layers and front contact layers, and lookup
tables or other relational databases for relating transmissivity
and other transmission properties to the measured data. The
determined short-circuit current 1s also stored in the one or
more data storage devices 670 for comparison with the solar
simulator’s compliance.
The above description and drawings are only to be consid-
ered 1llustrative of specific embodiments, which achieve the
teatures and advantages described herein. Modifications and
substitutions to specific process conditions can be made.
Accordingly, the embodiments of the invention are not con-
sidered as being limited by the foregoing description and
drawings, but 1s only limited by the scope of the appended
claims.
What 1s claimed as new and desired to be protected by
Letters Patent of the United States 1s:
1. A method of determining a short-circuit current for a
solar device, the method comprising:
determining a thickness of a window/emitter layer of the
solar device before the device 1s fully assembled;

determining an absorption wavelength of an absorber layer
of the solar device before the solar device 1s fully
assembled;

determining a fitting parameter that indicates transmission

properties of at least one transparent layer of the solar
device; and

using the determined window/emitter layer thickness, the

determined absorber layer absorption wavelength and
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the determined fitting parameter to determine the short-
circuit current for the solar device.

2. The method of claim 1, wherein the short-circuit current
1s determined before the solar device 1s fully assembled.

3. The method of claim 2, wherein the short-circuit current
1s determined before the solar device 1s tested using a solar
simulator.

4. The method of claim 2, wherein the short-circuit current
1s determined before a back contact 1s formed on the solar
device.

5. The method of claim 1, wherein determining the thick-
ness of the solar device’s window/emitter layer further com-
prises illuminating the device using light of a known wave-
length.

6. The method of claim 5, wherein determining the thick-
ness of the solar device’s window/emitter layer further com-
prises 1lluminating the device using light with a wavelength

between 450 and 550 nm.

7. The method of claim 5, wherein determining the thick-
ness of the solar device’s window/emitter layer further com-
prises using a detector to detect an amount of the illuminated
light transmitted through the device.

8. The method of claim 7, further comprising comparing,
the detected amount of transmitted light with the amount of
illuminated light to determine a ratio that indicates the trans-
missivity of the device’s window/emitter layer at the known
wavelength.

9. The method of claim 8, further comprising using a
lookup table to determine the thickness of the device’s win-
dow/emuitter layer corresponding to the window/emitter lay-
er’s transmissivity at the known wavelength.

10. The method of claim 5, wherein determining the thick-
ness of the solar device’s window/emitter layer further com-
prises using a detector to detect an amount of the illuminated
light reflected by the device.

11. The method of claim 10, further comprising comparing
the detected amount of reflected light with the amount of
illuminated light to determine a ratio that indicates the trans-
missivity of the device’s window/emitter layer at the known
wavelength.

12. The method of claim 1, wherein determiming the
absorption wavelength of the solar device’s absorber layer
further comprises illuminating the device using light of a
plurality of known wavelengths.

13. The method of claim 12, wherein determining the
absorption wavelength of the solar device’s absorber layer
turther comprises using a detector to detect the amount of the
illuminated light transmitted through or reflected by the solar
device for each of the plurality of known wavelengths.

14. The method of claim 13, further comprising comparing
the detected amount of transmitted light with the amount of
illuminated light for each wavelength to determine a ratio that
indicates the transmissivity of the device’s absorber layer at
cach of the plurality of wavelengths, and creating a transpar-
ency-wavelength curve by plotting the determined transmis-
s1vity ratios against corresponding wavelengths.

15. The method of claim 14, wherein the absorber layer’s
absorption wavelength 1s an x-axis intercept of a tangent line
to the transparency-wavelength curve at a point where a sec-
ond dertvative of the transparency-wavelength curve equals
ZErO.

16. The method of claim 12, wherein determining the
absorption wavelength of the solar device’s absorber layer
turther comprises using a detector to detect an amount of the
illuminated light reflected by the device for each of the plu-
rality of known wavelengths.
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17. The method of claim 16, further comprising comparing
the detected amount of reflected light with the amount of
illuminated light for each wavelength to determine a ratio that
indicates the transmissivity of the device’s absorber layer at
cach of the plurality of wavelengths.

18. The method of claim 1, wherein determining the fitting
parameter that indicates transmission properties of the solar
device’s substrate and front contact layers further comprises
determining an absorption wavelength and short-circuit cur-
rent for each of a first and second modified solar devices, the
first and second modified solar devices each having a sub-
strate and a front contact that are materially and structurally
the same as the solar device’s substrate and front contact, the

first and second modified solar devices each lacking a win-
dow/emitter layer, and the first and second modified solar
devices each having an absorber layer with different absorp-
tion wavelengths.

19. The method of claim 18, further comprising using the
absorption wavelengths and short-circuit currents of the first
and second modified solar devices to determine a the fitting
parameter for the solar device’s substrate and front contact.
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20. The method of claim 19, wherein the equation Isc=ax
BE+d 15 used to determine the fitting parameter d of the solar
device’s substrate and front contact layers, where Isc 1s the
short-circuit current of at least one of the first and second
modified solar devices, BE 1s the absorption wavelength of
the at least one of the first and second modified solar devices,
and a 1s a coellicient.

21. The method of claim 1, wherein the equation Isc=ax
BE+bxTcds+cxTcdsxBE+d 1s used to determine the solar
device’s short-circuit current Isc, where BE 1s the absorption
wavelength for the solar device’s absorber layer, Tcds 1s the
thickness of the solar device’s window/emitter layer, d 1s the
fitting parameter for the solar device’s substrate and front
contact. and a, b and ¢ are coeflicients.

22. The method of claim 1, wherein the fitting parameter
indicates at least one of transparency or retlection losses of
the solar device’s substrate and front contact layer combina-
tion.
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